Introduction
Human serum transferrin (hTF) is a single-chain glycoprotein that transports iron (Fe) in blood [1] [2] [3] [4] . Human serum transferrin has a very strong binding force to bind metal ions, such as Fe Because human serum transferrin is only 30% saturated with Fe 3+ , the hTF has a high capacity to bind other metals 2 18 17 . Therefore, it is important to understand the interaction between hTF and other metals, although it is very difficult to measure the stability constants for metal-hTF complexes. For instance, platinum and gold complexes are used as anticancer and anti-tumor agents [19] [20] [21] [22] [23] , organometallic ruthenium Complexes are considered as a potential anti-cancer drug 24-28 29 30 , and the metal ion Bi 3+ is widely used for variety of gastrointestinal disorders including diarrhea, constipation, gastritis, and ulcers 31, 32 33 34 35 36 37 38 . There are limited number of stability constants for metal-hTF complexes and other metal-protein complexes 5 17, 39 40 . Binding constants for some redox-sensitive metals (e.g., Fe
2+
, Mn 3+ and Co
3+
) are difficult to measure experimentally 41, 42 . Also, metals like Cm, Am, U and others metals associated with nuclear energy and weapons, are hazardous to human health, and it is imperative to be able to predict the transferring binding constants for these metals. These metals, however, are risky to perform experiments upon because of their transuranium radiation dangers) . Therefore, there is a need for developing a tool that can give a reliable prediction of unknown stability constants that can also be based on the limited number of the existing measurements.
Furthermore, as even more thermodynamic data for metal-protein complexes are accumulated, such a tool is also needed for the systematic evaluation of the quality of data collected from multiple sources to develop an internally consistent reliable data set for modeling metal-protein interactions.
Proposed equation
Linear free energy relationships have been used for correlating organic reactions (Hammett equation) 44 , stabilities of crystalline solids 45 46 , and trace metals bindings at mineral-water interfaces 47 . A similar relationship can be also used for metal-protein binding because the coordination environment for a metal in transferin is much like the polyhedral coordination of metal cations in crystal structures 5, 6 7-11 . are Fe, Ga, Tl, etc., and L is hTF).
The local coordination environment of metal cations in hTF is very similar to that of crystalline minerals like calcite. Because it is analogous to the crystalline structure of solids 45 46-48 , the linear free energy correlation is expressed as:
where, G 0 f, ML is the Gibbs free energy of formation of the complex ML. 49 , trivalent and tetravalent cations 50, 51 ; K ML is thermodynamic stability constant of a metal complex, and G 0 n, M n+ is the standard non-solvation energy, corrected for cation radius 51 . Equation (1d) allows the prediction of the stability constant of a metal complex from the known thermodynamic properties of the corresponding metal cation. The non-solvation energy G 0 n, M n+ that corresponds to the unhydrated cation energy, can be calculated by: 
r e , M n+ = r M n+ + n 0.94.
The radii and non-solvation energies of trivalent and divalent cations 49, 50 are listed in Table 1 and Table 2 . The Gibbs free energies of metal cations (G 0 f, M n+) basically increase with decreasing hardness of Pearson's Lewis acids. We may define cations with positive G 0 f, M n+ to be soft acids, and those with negative G 0 f, M n+ to be hard acids as discussed below.
Results and Discussions
All the data used for regression analysis are effective binding constants that have been corrected for bicarbonate concentration by the equation 40, 52 :
where, . It may be necessary to re-determine the binding constants for Sc
3+
, because
there are large discrepancies among experimentally measured values similar to Tb and Al 40 17 . -hTF) (lower plot, log K 2 ) complexes. 71 .
The equation ( and aragonite (C. N. = 9) polymorphs 47 . Future experimentation using different methods may be helpful to solve this problem. The equation also fits the experimentally determined stability constants of inorganic and organic metal complex families (Tables 1,   2 , and 3), thus demonstrating the robustness of the proposed linear free energy relationship. Using the obtained a* ML , b** ML , and * ML values, the unknown stability 11 constants metal-hTF complexes can be calculated (Table 1, Table 2 ). Given limited data availability for the divalent metals, the resulting predicted values should be considered as the first order approximation of the stability constants. 
Where 0.770V is the formal potential of the ferric to ferrous couple, and (K c -Fe 
Using the coefficients in table 3, we can get 2.303RT (logK NTA -logK hTF ) = -0.0312G 0 n, M 3+ + 14.5 r M 3+ -7.44.
The relationship can be schematically illustrated in Figure 4 . For this particular case (see Table 3 for values of all coefficients), negative Δa* means NTA prefers hard acid (i.e., explains Fe well 87 88 , but not for the non-redox elements. A recent molecular dynamic modeling result indicates that the pH dependent change in the dynamics is traced to the 16 altered electrostatic potential distribution along the surface 89 besides overall binding strength decrease (Table 3) , which can lower the stability constants of soft acids (i.e., cations with high Gibbs free energy of formation in here) dramatically 85 .
We can apply this concept to protonated hTF (or the formation of the H-hTF protein . Such kind of a transformation mechanism may be useful for designing engineered proteins that can uptake toxic metals in a relatively basic solution and release the coordinated metals in a relatively acidic solution.
Conclusions
The linear free energy relationship developed here can be used to predict unknown stability constants of metal-hTF protein complexes from limited experimental data. The discrepancies between the predicted and experimental data are generally less than 0.6 log units, far better than other empirical methods. The stability constants for actinides (e.g., Pu and Am) and tetravalent cations are also predicted. This relationship can be applied to the binding between metal cations and enzymes, and between metal metals and engineered proteins reported by Vita et al. 90 . It can also be used to systematically evaluate the quality of data collected from multiple sources and to select ; the values of Al-hTF are from references 53 52 ; the values of NdhTF and Sm-hTF are from reference 42 ; the values of Lu-hTF and Gd-hTF are from reference , and 84 are also listed as an example. The predicted difference is small. Only stability data for Pu-hTF complex (21.25±0.75) 43 and Ti-hTF (26.8) 79 are available and used to constrain coefficient b** ML . Experimental data of Pu 4+ -hTF and Ti 4+ -hTF are in bold cases.
